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Abstract—Channel configurable optical filters are realized by
using buried heterostructure semiconductor ring resonators. Two
rings having slightly different radii are laterally coupled to bus
waveguides in a cascaded manner, which affords free spectral
range (FSR) expansion and channel configuration by Vernier
effects. The effective FSR and spectral linewidth at resonance
measured from a drop port are 10.2 and 0.017 nm, respectively,
that corresponds to a finesse (F') of 600. By shifting the resonant
wavelength of one of the resonators with free carrier injection,
we demonstrate digital tuning filters where a distinct channel
isolation of 15-20 dB is achieved with 0.68-nm spectral spacing.

Index Terms—Buried heterostructure (BH), channel config-
urable filters, finesse, ring resonators, free carrier injection (FCI),
free spectral range (FSR), spectral linewidth, Vernier effects.

1. INTRODUCTION

US-COUPLED optical ring resonators are versatile

components for wavelength filtering, multiplexing,
switching, and modulating in photonic integrated circuits.
Achieving narrow linewidth filters in semiconductor resonators
has been problematic owing to the strength of surface scat-
tering 1oss «gc,t for whispering gallery modes in circular
resonators fabricated from high index materials. gcat’s of
5-30 cm™! have been reported from air-guided semiconductor
microring add—drop filters [1]. Since acat iS proportional to
An? = n?vg — n? where nyg and n are the refractive indexes
of the waveguide core and the cladding materials, respectively
[2], reduction of An? will reduce the scattering loss.

We have demonstrated buried heterostructure (BH) res-
onators [3], in which the InGaAsP (n., = 3.40) ring and
bus waveguides are completely buried with InP (n. = 3.17).
This technology in [3] leads to low optical losses due to the
reduced An?, which enables us to achieve coupling-limited Qs
greater than 10° from a bus-coupled 200-;m radius microring
resonator. The bending loss (@pena) in circular waveguides
is a concern owing to the relatively weak optical mode con-
finement. Therefore, large radii rings are utilized to suppress
Qhend 1N buried structures, at the expense of the free spectral
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range (FSR). In this letter, we present BH ring resonators using
Vernier effects for FSR expansion and resonant wavelength
tuning. Here, two rings having slightly different radii are
laterally coupled to input—output (I/O) bus waveguides in a
cascaded arrangement, which allows us to expand the FSR of
the output spectra considerably via Vernier effects [4]-[6].

The utility of cascade-coupled rings using Vernier effects is
its wide tuning functionality. By slightly shifting the resonant
wavelength of one of the cascade-coupled resonators, we are
able to digitally tune the resonant modes of the entire resonator
system. Free carrier injection (FCI) is used to tune each reso-
nance of a resonator, which needs only few milliampere for rea-
sonable spectral shifts [7]. Since the spectral spacing for digital
tuning is purely dependent on the FSRs of the cascade-coupled
resonators, any spectral grid can be realized by adjusting the
physical dimensions of the microrings.

II. DEVICE FABRICATION

The device fabrication process for channel configurable
filters is similar to that of passive BH semiconductor ring
resonators [3], except for several steps added to achieve FCIs
into the resonators. We initiate the epitaxial growth by growing
a 2-pum-thick lightly n-type doped (~3 x 1017 cm~3) InP buffer
layer on a (001)-oriented nt-InP substrate. A lattice-matched
0.4-pm-thick InGaAsP (Awg = 1.25 pum) waveguide layer
is grown on top of the buffer. A 0.1-um-thick SiN, layer is
deposited on the wafer, on which the cascade-coupled ring
filter designs are photolithographically transferred. In the pho-
tomasks, the physical linewidths for rings and bus waveguides
are designed as 0.9 and 0.8 pm, respectively, which ensures a
single-mode operation, whereas, the end of the bus lines are
gradually tapered wide to 4.5 pm to facilitate optical fiber cou-
pling in measurements. Typical facet-to-fiber coupling losses
are approximately —4 dB when a single-mode fiber with an
antireflection (AR)-coated end is used. The lateral separation
between the ring and the bus waveguides is 0.9 ym, from which
5%—-T% of coupling efficiencies are predicted for the given
materials [3]. Smooth and vertical 0.6-pm-deep waveguide
mesas are dry-etched in a CHy-based reactive ion etching
discharge [8].

Once the resonator and bus waveguide mesas are defined,
the SiN, mask material is removed by buffered oxide etchant
(BOE). Then, a 0.6-pum-thick nominally undoped InP layer is
overgrown to bury the dry-etched mesa structures and to min-
imize the overlap of the optical mode in the waveguide with
the absorptive p-doped materials used in the top cladding. A
1-pm-thick p-type doped (~5 x 1017 cm~3) InP top cladding
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Fig. 1. Micrograph of the fabricated channel configurable filter using buried
hetero-structure ring resonators.

layer and a 0.1-pm-thick p-InGaAs contact layer are grown to
complete a p-i-n diode structure for current injection. Then, cir-
cular trenches approximately 1.5 pm deep are dry-etched for
electrical isolation in the vicinity of the buried microrings, fol-
lowed by p-and n-type ohmic electrode formation. Fig. 1 shows
a top view of the fabricated device. After the wafer is mechan-
ically thinned and cleaved for measurement, the cleaved wave-
guide facets are AR-coated to suppress unwanted Fabry—Pérot
resonances.

III. RESULTS AND DISCUSSIONS

The fabricated channel configurable filter (Fig. 1) is composed
of two ring resonators having slightly different radii for Vernier
effects. The rings are cascade-coupled through an intermittent
bus waveguide, as shown in Fig. 1. The nominal radii of
Resonators 1 (R;) and 2 (R2) are 150 and 160 pm, respectively.
For the given material systems, the FSRs of R;(FSRg;) and
R5(FSRR2) are expected to be 0.68 and 0.64 nm, respectively,
in the spectral range of interest for transverse-electric (TE)
polarization. Therefore, the resultant FSR in output is expanded
by Vernier effects to ~10.2 nm that is the least common
multiple (LCM) of FSRi; and FSRps. The optical resonant
characteristics are measured by having a TE polarized external
tunable laser source coupled into the input bus waveguide and
collecting the dropped (transmitted) signals at the end of the
output- (throughput-) bus line. Coupling of modes in space
[9] and in time domain [10] formalisms are used to analyze
the resonant behavior.

Since the second cascade-coupled resonator is not directly
coupled to the throughput bus waveguide of the other resonator,
it has no effect on its throughput transmission characteristics.
Thus, the actual radius (r), the effective index (nes), the
coupling coefficient between the ring and the bus waveguides
(), and the optical loss («) in each resonator can be experi-
mentally measured in an independent manner by investigating
the resonant transmission characteristics measured from a
throughput waveguide. For TE polarization input, the measured
radii (r1/72), effective indexes (nefr, r1/Neft,R2), K, and o are
150.8/160.5 pum, 3.302/3.313, 6%, and 0.6 cm ™!, respectively,
at A = 1537 nm. The n.g, however, varies with wavelength.
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Fig. 2. Measured output spectrum of cascade-coupled ring resonators.
In the inset, the resonant characteristics at 1537.0 nm are observed with
high-resolution measurements.

The FSR g1 (FSR g2 ) measured from transmission spectra varies
from 0.65 (0.63) to 0.69 (0.67) nm as A is scanned from 1520
to 1560 nm, which indicates that the associated negr1 (Nefr2)
varies from 3.306 (3.316) to 3.298 (3.308) in the given spectral
range. The transverse-magnetic (TM) polarization characteris-
tics are similar after accounting for the slightly (1%) smaller
effective index of the TM modes. Although the optical losses
are reduced in the buried structures [3], the accumulated
round-trip loss in the resonators Ly is still as high as 5.7%,
which results in the system being under-coupled (i.e., the input
coupling coefficient is weak, compared to the sum of the output
coupling and Lgr). The given parameters predict an insertion
loss of —6 dB for the entire resonator block, which is consistent
with the measured output intensity at near A = 1537 nm.
The origin of the optical losses observed in the waveguides
has not been unambiguously identified. Nevertheless, since
Qseat < 0.1 ecm™! and apeng < 0.1 cm™?! are predicted from
the given device configurations [3], the residual material losses
in the nominally undoped waveguide as well as the absorption
from the adjacent p- and n-doped layers would be considered
as the primary loss mechanisms.

The measured drop port spectrum of cascade-coupled ring
resonators is given in Fig. 2, where the input port is excited by
an external tunable laser with TE polarization. We observe that
Vernier effects have greatly expanded the effective FSR in the
drop port from 0.65 to ~10.2 nm, as was predicted. The mea-
sured spectral linewidth (A ) of the resonance at A = 1537 nm
is 0.017 nm. The measured finesse F' = FSR/AM\ is 600. If
there were no wavelength dependence of the refractive index,
a periodic set of resonant modes having identical intensities
should appear in the output spectrum with a constant FSR that
equals the LCM of FSRg; and FSR g2. However, the measured
spectrum in Fig. 2 shows only one “primary” resonant mode at
A = 1537 nm over a wide spectral range, which suggests that
the dispersion of refractive indexes must be taken into account
for a more accurate data fitting process.

The final data fit is shown in Fig. 3, where the measured
spectrum in Fig. 2 is nicely reproduced. Here, a linear model is
employed to fit the chromatic dispersion of refractive indexes
as provided in the inset of Fig. 3, whereas the weak disper-
sion of « is neglected. The estimated dispersion Aneg /AN is
approximately —0.0002 nm~! for the given material systems,
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Fig. 3. Calculated output spectrum that reproduces the result given in Fig. 2.
The dispersion of refractive indexes is given in the inset.

which is consistent with the wavelength-dependent FSRs mea-
sured at throughputs. The effect of dispersion on the output
spectra is more significant for very high-() resonators than
for lower @ structures due to the narrow spectral linewidth at
each resonance. The as-fabricated primary resonance occurs
at any wavelength where the resonant modes from R; and
Ro are at the closest coincidence. When it is desired to have
the primary resonance appear at a specific wavelength, one of
the resonators must be actively tuned to relocate its resonant
spectra. Once the primary resonant mode is obtained as in-
tended, the resonant wavelength of the entire filter system can
be configured by subsequent tuning processes as described in
the following paragraphs.

Digital tuning of resonant wavelengths of the fabricated
devices is achieved by injecting free carriers into one of
the cascade-coupled microring resonators. FCI blue-shifts the
resonant wavelength of resonators in the spectral range of
interest. Since there are two rings whose FSRs are not identical,
different spectral channel spacings are possible in this digital
tuning, depending on which resonator is chosen for FCI tuning.
As a matter of fact, continuous analog tuning is also achievable
when both resonators are tuned in a synchronized manner. In
this experiment, we inject free carriers into R, only, so that
a 0.68-nm spectral spacing (i.e., FSRp1) is achieved for the
digital tuning as presented in Fig. 4.

The inset in Fig. 4 shows the detailed resonant characteris-
tics at near 1536.32 nm on a logarithmic scale. The superim-
posed spectra are measured at different injection levels on Ro,
from which we can clearly observe FCI tuning mechanisms
combined with Vernier effects. At I = 0 mA, the resonant
modes of R; and R> coincide at 1537 nm, whereas, those at
near 1536.32 nm are separated by ~0.04 nm that corresponds to
the difference in FSRs of the fabricated rings, AFSRg1_ge =
FSRRr1 — FSRR2. As the current injection level increases, the
resonant modes of Ry (indicated by arrows in the inset) are
blue-shifted and the consequent resonant wavelength of the en-
tire filter system is digitally tuned to the next channel at shorter
wavelength. In Fig. 4, we observe that very narrow spectral
linewidth (<0.02 nm) and distinct channel isolation (>17 dB)
are maintained until the resonant wavelength is digitally tuned
to 1534.28 nm at I = 3.1 mA. However, further increase of cur-
rent injection results in degraded spectral linewidth and channel
isolation for the following channels, due to free carrier absorp-
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Fig.4. Measured output spectra of a channel configurable filter, where the data
measured at different current injection levels are superimposed. Free carriers are
injected into Resonator 2 (R ) to tune its resonant wavelength, by which the
resultant resonance of the overall cascade-coupled ring system is digitally tuned
with a spectral channel spacing of 0.68 nm. In the inset, the detailed resonant
characteristics at 1536.32 nm are plotted on a logarithm scale.

tion losses and thermal effects accompanying the FCI tuning.
For instance, a degraded finesse of F' = 510 is observed in the
fifth channel at 1534.28 nm. Therefore, implementing gain in
the resonator to offset these losses will be considered in future
designs.

In conclusion, channel configurable high-@) Vernier filters
are realized by using cascade-coupled BH semiconductor ring
resonators. The effective FSR and spectral linewidth measured
from a drop port are 10.2 and 0.017 nm, respectively, which
corresponds to F' = 600. By injecting free carriers into one of
the ring resonators, we demonstrate channel configurable filters
where a distinct channel isolation of 15-20 dB is achieved for
over five consecutive optical channels with 0.68-nm spacing.
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